Two-dimension (2D) layered inorganic nanomaterials have aroused enormous research interests in developing multi-functional polymer nanocomposites in the past few decades. In this review, we mainly focused on the utilization of layered inorganic compounds to improve the flame retardancy of polymeric materials. We first discuss the relationships between the morphology of layered inorganic compounds/polymer nanocomposites and their flame retardant properties, as well as analytical techniques for characterizing the morphological features. Then various layered inorganic compounds, such as montmorillonite, layered double hydroxides, layered metal phosphate, graphene, molybdenum disulfide, and their flame retardant behaviours in a variety of polymer matrices are commented. We also summarize the flame retardant mechanisms of these layered inorganic compounds in polymer nanocomposites. Finally, an overview of potential applications for these nanocomposites associated with current challenges is summarized for development of these promising flame retardant nanocomposites.
Introduction
Polymeric materials have acquired wide applications in modern day life because of their numerous advantages. However, there is one major disadvantage related to the high flammability of most of synthetic polymers. The intrinsic flammability makes them easily ignited by external heat source, along with smoke and even toxic gases released during the combustion, which is a great potential threat to lives and properties. Therefore, great economic, sociological and legislative pressures have forced both the scientific and the industrial researchers to develop polymeric materials with greatly reduced fire risk.
In the past few decades, a variety of approaches have been employed to develop flame retardant polymeric materials. The halogenated flame retardants represent the most efficient flame retardants based on the gas-phase mechanisms. However, halogenated flame retardants in particular are often toxic or even carcinogenic by themselves, associating with toxic or corrosive gases released during the combustion. 1 Thus, some halogenated compounds have been gradually phased out to comply with the new environmental legislations (such as REACH, WEEE and RoHS). 2 As a result, various halogen-free flame retardants arise including phosphorus-, [3] [4] [5] nitrogen-, 6, 7 silicon-, [8] [9] [10] and boron-containing 11, 12 compounds as well as minerals (such as aluminum hydroxide and magnesium hydroxide). 13, 14 These halogen-free flame retardants are not as efficient as the halogenated compounds, and high loadings are required to achieve a satisfactory flame retardant level. The relatively high loadings of the additives usually cause the deteriorated mechanical and thermal properties. 14, 15 Researchers are always devoting themselves to find suitable replacements to these conventional flame retardants.
Over the past few decades, the arising of nanotechnology has brought revolutionary change to flame retardant polymeric materials. Compared to the conventional flame retardants, significant reduction in the peak heat release rate (PHRR) of polymers is usually achieved at a relatively low filler loading (≤ 10 wt%). 16 Furthermore, the addition of nano-fillers can reinforce the polymer matrices in terms of mechanical and thermal properties. Among various nano-fillers, two-dimensional (2D) nanomaterials have aroused enormous scientific interests on the preparation and applications of flame retardant polymer nanocomposites due to their ultra-high aspect ratio and the exceptional properties. Up to the present, several typical 2D nanomaterials include montmorillonite (MMT), [17] [18] [19] [20] layered double hydroxides (LDH), [21] [22] [23] [24] [25] [26] layered metal phosphate, [27] [28] [29] graphene, [30] [31] [32] molybdenum disulfide (MoS 2 ), [33] [34] [35] as shown in Figure 1 . Because of the great interest generated by the 2D nanomaterials, researchers in the field of flame retardant materials are focusing on the fabrication and application of polymer nanocomposites. In this context, it is desirable to explore the flame retardant properties and mechanisms of these layered inorganic/polymer nanocomposites in common.
In this paper, we review the open literatures with a focus on flame retardant layered inorganic/polymer nanocomposites. We first discuss the relationships between the morphology of layered inorganic compounds/polymer nanocomposites and their flame retardant properties, along with analytical techniques for characterizing the morphology. Several typical layered inorganic compounds, such as MMT, LDH, layered metal phosphate, graphene, MoS 2 , and their flame retardant behaviours in a variety of polymer matrices are summarized and discussed. Also, we concentrate on the flame retardant mechanisms of these layered inorganic compounds in polymer nanocomposites. Finally, we conclude this review by listing current challenges associated with future perspectives of flame retardant layered inorganic/polymer nanocomposites.
Dispersion, morphology and flame retardancy
As is well known, the enhancement of inorganic/polymer nanocomposites depends strongly upon the dispersion state of the inorganic nanofillers. In this section, we will present the typical production methods of inorganic/polymer composites, their morphological features as well as the relationship between morphology and flame retardancy.
Dispersion methods
There are three main methods which are most used to obtain the inorganic/polymer nanocomposites: solution blending, melt compounding and in situ polymerization. Table 1 summarizes the advantages and disadvantages of these three methods. In solution blending method, a colloidal suspension of 2D nanomaterials is mixed with the desired polymer by simple stirring or shear mixing. Solution mixing offers a relatively simple approach to dispersing single-layer nano-platelets into a polymer matrix. However, even if the well exfoliated 2D nanomaterials suspension is obtained with the assistance of sonication, re-stacking of nano-platelets might occur during the process of solvent removal. To solve this problem, small molecule functionalization of 2D nanomaterials is developed to increase the stability of suspensions of highly exfoliated platelets prior to mixing with the polymer host. Melt compounding method generally involves the mixing of a polymer melt and filler (in a dried powdery form) under high shear conditions. Relative to solution blending, melt compounding is more suitable to many current industrial applications, because the 2D nanomaterials can be fed directly into an extruder and dispersed into a polymer host without using any solvents or surfactants. However, as indicated in the precious study, such method cannot achieve the same level of dispersion of the filler as solvent mixing or in situ polymerization methods. 36 Usually, the mechanical shearing is not strong enough to destroy the stacking of 2D nanomaterials within the melt polymer matrix. For example, even if graphite is directly exfoliated into polypropylene under very high stresses, the resulting composite is still composed of small stacks of graphite. 37 In situ polymerization method generally involves the mixing of 2D nanomaterials in neat monomer, or a solution of monomer, followed by polymerization in the presence of the dispersed 2D nanomaterials. In situ polymerization methods have been used to produce many nanocomposites with covalent linkages between the matrix and 2D nanomaterials, such as graphene/PU, 38 graphene/epoxy, 39 etc. Meanwhile, in situ polymerization has also been employed to produce non-covalent nanocomposites of a variety of polymers, such as MMT/PET, 40 LDH/nylon-6, reported for solution blending method, a uniform dispersion of 2D nanomaterials can be achieved via in situ polymerization without a prior exfoliation step. However, it is difficult to control the molecular weight of the resultant polymers in the presence of 2D nanomaterials.
Morphology and relating analytical techniques
Depending on the nature of the components used and the method of dispersion, three main types of composites may be obtained when a 2D nanomaterial is dispersed to a polymer ( Figure 2 ).
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When polymer/monomer is unable to penetrate into the layers of 2D nanomaterials, a phase separated or immiscible composite is obtained, also known as a classic microcomposite (Figure 2a ). The second one is intercalated structure in which polymer/monomer enters the gallery expanding the layers of 2D nanomaterials ( Figure 2b ). The third one is exfoliated or delaminated structure when the layers of 2D nanomaterials are uniformly dispersed in a continuous polymer matrix (Figure 2c ). The latter two types of structures can be called nanocomposites. The exfoliated structure is usually desired as it provides higher aspect ratio platelets relative to stacked or intercalated platelets. Two complementary analytical techniques, X-ray diffraction (XRD) and transmission electron microscopy (TEM), are employed in order to characterize those structures. In a phase separated or immiscible structure, nearly all the diffraction peaks of the 2D nanomaterial are well preserved in the XRD profiles of the resultant composites. In an intercalated structure, the intercalation of the polymer chains usually enlarges the interlayer spacing, resulting in a shift of the diffraction peak towards lower angle values. Regarding an exfoliated structure, no diffraction peaks are visible in the XRD profiles, since the interlayer spacing is large enough and the layers are no longer in registry. 21 However, it should be noted that sometimes the disappearance of the XRD peaks can be also caused by the destruction of the crystallinity originated from some type of a disordering process. 21 It is thereby very common to draw misleading conclusions on the exfoliated structure of the resulting nanocomposites from XRD analysis alone. For this reason, additional evidence from TEM is often required to confirm the structure of a nanocomposite. TEM images can give direct observation about intercalated and/or exfoliated structures. However, these structures describe only ideal cases, and it is more likely that two or more structures exist simultaneously in the real morphology.
Relationship between morphology and flame retardancy
The relationship between morphology and flame retardancy of 2D nanomaterial/polymer nanocomposites has been widely reported. 44, 45 Manzi-Nshuti and co-workers studied the effect of the dispersion of Mg-Al and Zn-Al LDHs on the flame retardant properties of PE and PMMA. 44 be drawn a conclusion that a well-dispersed 2D nanomaterial is significantly more effective in the improvement of the flame retardancy than a poorly dispersed one. The reason why the good dispersion is crucial for flame retardancy of polymer nanocomposites will be discussed in detail in Section 4. 
Flame retardancy of layered inorganic/polymer nanocomposites
Nanotechnology has motivated considerable interests in the development of flame retardant polymeric materials because incorporating nanofillers usually causes remarkably improved fire resistance associated with other properties at a relatively low loading (3-5 wt%). 16 Up to now, 2D inorganic nanofillers with flame retardant effect include MMT, LDH, zirconium phosphate, graphene, MoS 2 , etc. In this section, we will review the application of these nanofillers in flame retardant polymers in detail.
MMT/polymer nanocomposites
Montmorillonite (MMT), one of the most commonly used layered silicates, consists of two-dimensional layers. These layers hold themselves together to form stacks via a regular van der Walls force. Because this force is relatively weak, the intercalation of organic molecules between the layers is easy. 16 In order to improve the compatibility between MMT and polymer matrix, montmorillonite can be modified with various cationic surfactants via an ion-exchange method. The modified MMT becomes organophilic, and is more compatible with organic polymers. Adding a small amount of MMT has shown a significant reduction in PHRR for polymer nanocomposites. 49 As a typical example, a 63% reduction in the PHRR is clearly observed for the nylon-6 nanocomposite with 5 wt% of exfoliated MMT. 49 Similar results were also obtained for nylon-12, PS and PP nanocomposites with exfoliated MMT. 49 However, the flame retardant properties of the resultant polymer composites depend on how well the nanofillers disperse. At the same loading, MMT with intercalated structure was much more effective than its counterpart with immiscible structure in PS nanocomposites. 49 The effect of nanofiller geometry on the flame retardant properties of PLA nanocomposites was also investigated. 50 It was found that the flame resistance was improved in the order of rod-like halloysite (1D) < spherical nanosilica (0D) < plate-like MMT (2D) which matched qualitatively with the effective surface area of nanofillers in the nanocomposite. Furthermore, the role of different organic modified MMTs in flame retardant efficiency of PLA was also studied. 51 The MMT modified by methyl tallow bis(2-hydroxyethyl) ammonium exhibited better flame retardancy in contrast to those modified by dioctadecyl dimethyl ammonium bromide and a mixture of octadecyl trimethyl 52 and hexachlorocyclotriphosphazene-modified montmorillonite (HCCP-MMT), 53 have been synthesized and imparted excellent flame retardant properties to the resulting polymer nanocomposites.
Apart from the single utilization of pristine or organo-modified MMT, MMT has also been widely used as synergist in combination with other flame retardant additives in flame retardant polymers, as summarized in Table 2 . The most used flame retardant is intumescent flame retardant (IFR) system. 54−56 The combination of MMT with IFR was utilized to prepare PP nanocomposites; with 20 wt% IFR and 4 wt% MMT, a significant reduction in PHRR (-78%) was observed accompanying with the formation of a compact, coherent and continuous protective char layer. 54 The addition of MMT can also suppress the dripping of flaming melt. For example, the PLA composite containing 15 wt% IFR and 5 wt% MMT showed UL-94 V0 rating without dripping, while PLA composite containing 20 wt% IFR just displayed V2 rating with the problem of melt dripping. 55 The melt flow index and rheological measurement indicated that the incorporation of MMT significantly enhanced the melt stability and thus suppressed the melt dripping of PLA during combustion.
LDH/polymer nanocomposites
Layered double hydroxide, also known as anionic clay, is a promising class of layered nanomaterial for preparing multifunctional polymer-matrix composites. 21 62, 63 Keeping the LDH loading at 10 wt%, the Co-Al LDH gives the best reduction (41%) in PHRR of poly(methyl methacrylate) composites. 63 The great difference of flame retardancy among these LDHs suggests that the fire retardancy of LDH/polymer composites depends on not only the dispersion of the LDH but also the endothermic decomposition of the LDH. In another study, the role of trivalent metal cations was investigated. 64 Two layered double hydroxides (LDHs), calcium aluminum undecenoate (Ca-Al LDH) and calcium iron undecenoate (Ca-Fe LDH), were synthesized and incorporated into PMMA. 64 The significant reduction (54%) in PHRR was observed in the case of PMMA/10% Ca-Al LDH composite, which was superior over that of PMMA/10% Ca-Fe LDH composite. The authors attributed this phenomenon to the relatively good dispersion for the PMMA/Ca-Al LDH system compared to the PMMA/Ca-Fe LDH sample. However, the Fe-containing PMMA systems produced less smoke in contrast to the aluminum analogs at the equivalent additive loading. The effect of the interlayer anion on fire retardant properties of high-density polyethylene (HDPE) nanocomposites has been investigated. 65 A series of Zn-Al LDH, with CO 3 2− , NO 3 − , Cl − , and SO 4 2− as the interlayer anions, were synthesized and blended with HDPE. With the LDH loading at 40 wt%, the PHRR was reduced by 24%, 41%, 48%, and 54% for HDPE/Zn-Al-Cl, HDPE/Zn-Al-CO 3 , HDPE/Zn-Al-NO 3 , and HDPE/Zn-Al-SO 4 , respectively. However, the authors have not given the detailed mechanism regarding the influence of interlayer anions on the flame retardant performances, which needs further investigations.
In addition to the factors aforementioned, the organic modifier for LDHs should be taken into consideration. Huang et al. firstly synthesized a phosphorus and nitrogen containing compound (PAHPA), followed by modifying LDH with PAHPA by ion-exchange method. 66 Relative to virgin EVA resin, the EVA/PAHPA-LDH composites showed an approximately 43% reduction in PHRR, much better than either EVA/PAHPA or EVA/LDH at the same filler loading. Very recently, a bio-based modifier (cardanol-BS) was successfully synthesized and used to prepare modified LDH through one-step co-precipitation method. 67 The flame retardant efficiency of cardanol-BS modified LDH (m-LDH) is expressive: with only 6 wt% cardanol-BS-LDH, epoxy composite reached a LOI of 29.2% and UL-94 V0 rating, along with the significant reduction in PHRR (−62%), THR (−19%) and TSP (−45%), relative to those of pure EP. In contrast, pristine LDH did not show so high efficiency as cardanol-BS-LDH (Figure 3a) . The TEM images showed good dispersion for the cardanol-BS modified LDH, while the pristine one was poor ( Figure 3b ). Those results imply that the fire retardant efficiency of LDHs is improved by organic modification and consequently by nano-dispersion. 76 Significant reduction in the PHRR and the THR was observed for the PLA/IFR/Zn-Al LDH nanocomposite from both microscale combustion calorimeter (MCC) and cone calorimetry. The residual mass of the PLA/IFR/Zn-Al LDH nanocomposite after combustion was as high as 58.5%, which might be responsible for the superior flame retardant performance. In order to achieve the best flame retardant effect, the ratio of LDH and traditional flame retardants should be optimized. For example, UL-94 V0 rating PVA composites were obtained with the LDH concentration in the range of 0.1−1.0 wt%; when the LDH loading increased to 3.0 wt%, the flame retardancy became worsen. 22 Recently, ternary even quaternary metal ions based LDHs have aroused increasing attention in the field of flame retardant polymer composites. 77−80 Comparison of binary and ternary
LDHs on the flame retardant properties of IFR-PP composites was undertaken. 77 The ternary Mg-Zn-Al LDH showed a comparable effect to the binary Mg-Al LDH regarding the reduction in PHRR; however, the Mg-Zn-Al LDH displayed superior smoke suppression over the Mg-Al LDH due to the presence of the element zinc. Also, the Mg-Zn-Al LDH produced better quality char that effectively suppressed the spread of the flame and finally extinguished the fire. In another study, the Mg-Sn-Al LDH also served as a highly effective smoke suppressant for PVC. 79 The adjustable structural characteristics of LDH enables it a versatile platform to develop a variety of flame retardant nanomaterials.
Zirconium phosphate/polymer nanocomposites
As a typical layered metal phosphate, zirconium bis(monohydrogen orthophosphate) monohydrate (α-type zirconium phosphate) (ZrP) has been widely employed to fabricate polymer nanocomposites owing to its ion-exchange properties, high thermal stability and catalytic activity. Usually, pristine zirconium phosphate is directly incorporated into polymer matrices through melt compounding 27 or solution blending. 83, 84 With the addition of 5 wt% zirconium phosphate, the PHRR value of nylon-6 is reduced by 27% as compared to that of pure nylon-6. 27 In another case, compared to MMT and hectorite, ZrP/PVA nanocomposite showed a faster charring process in temperature range between 200 and 350 o C but higher char yield above 450 o C. 83 This earlier thermal degradation of the nanocomposites is attributed to the char formation catalyzed by ZrP. The presence of char layer inhibits the underlying matrix from being attacked by flame. Therefore, the lowered thermal stability is likely essential rather than a defect of this flame retardant system. ZrP has also been introduced into flame retardant coatings, and the optimum flame retardant effect was observed for the nanocomposites with the ZrP loading fractions of 0.5−1.0 wt%. 85, 86 In order to improve the dispersion state of ZrP nanofillers, in situ polymerization approach is employed to prepare ZrP/polymer nanocomposites. 28, 87 For example, poly(ethylene terephthalate) co-polymer (PET-co-DDP) containing 1 wt% ZrP prepared using this method exhibited a significant reduction in peak heat release rate (PHRR) by 47% in contrast to pure PET (Figure 4 ), along with a limiting oxygen index of 32.6% and UL-94 V0 rating. 28 In another study, incorporation of a small amount of ZrP into PS nanocomposite via in situ radical bulk copolymerization also resulted in obvious improvement in thermal stability and reduction in flammability of the resultant nanocomposite. 87 Besides the single use of ZrP, it is usually combined with other flame retardants to create synergism. Among these flame retardants, intumescent flame retardant system is frequently investigated. 88, 89 Partial substitution of IFR by ZrP leads to UL-94 V0 rating materials, 88 superior over the single utilization of IFR, indicating the formation of synergistic effect. Functionalized zirconium phosphate (F-ZrP) with IFR can also be synthesized by co-precipitation method ( Figure 5 ). 90 With the loading of F-ZrP at 10%, the F-ZrP/PLA nanocomposite achieved a LOI value of 26.5% as well as UL-94 V0 rating. Synergistic flame retardant effect between ZrP and aluminum hydroxide was also observed in low-density polyethylene/ethylene-vinyl acetate blends. 91 However, the flame retardant synergism between ZrP and other flame retardants is not always observed. For example, the co-addition of IFR (23 wt%) and ZrP (2 wt%) into ethylene-vinyl acetate causes an increased PHRR value compared to the sample only containing IFR (25 wt%). 92 The authors attributed this negative effect to the inhomogeneous distribution of ZrP and the poor 
Graphene/polymer nanocomposites
Graphene, an atomically thick, two-dimensional carbon sheet, was discovered by the mechanical exfoliation of graphite in 2004 by Novoselov, Geim and co-workers. 94 Due to its unique structure, graphene possesses exceptional physical properties, such as ultrahigh specific surface area (calculated value, ~2630 m 2 g −1 ), 95 high electronic conductivity (~200 000 cm 2 V −1 s −1 ), 96 excellent Young's modulus (~1000 GPa) and fracture strength (~125 GPa), 97 and good thermal conductivity (~5000 W m 98 which make it one promising nanomaterial to be employed in developing multi-functional polymer nanocomposites. In this section, we will emphasize on the flame retardant properties of graphene-based polymer nanocomposites.
Utilization of pristine graphene.
The reduced graphene oxide (r-GO) film was quite stable against fire when exposed to a natural gas flame for a few seconds. The burned part turned red hot but did not propagate, and was quenched after the removal of the flame. No combustion occurred even after multiple flame treatments, implying the high intrinsic flame resistance of graphene (Figure 6a) . 99 However, the presence of potassium salt impurities (1 wt%) in r-GO became highly flammable. The flame immediately triggered the self-propagating combustion in the film (Figure 6b ). 99 Due to its good intrinsic flame retardant property, pristine graphene has been directly utilized to prepare S cm −1 ). Graphene/waterborne polyurethane nanocomposites prepared by solution blending method displayed good flame retardant and smoke suppression properties with a significant reduction (25%) in total smoke release as well as lowered PHRR and THR, at 1 wt% graphene loading. 101 Pristine graphene has been also incorporated into various thermosetting resins to improve flame retardancy, such as epoxy resin 102 and polybenzoxazine. 103 An interesting phenomenon was observed in graphene/epoxy composites: although the LOI value was increased and the THR reduced with the increase of graphene loading, the PHRR displayed an increased trend compared to that of pure epoxy resins. 102 The authors attributed this phenomenon to the balance between the effect of thermal conductivity and the barrier property of graphene.
Functionalized graphene as flame retardants.
Graphene oxide (GO), an oxidized form of graphene, contains numerous functional groups such as epoxy, hydroxyl, and carboxyl groups Figure 7 . A proposed schematic model of graphene oxide structure. at the edge area and basal planes (Figure 7) , 104 which provides abundant active sites for fabricating functionalized graphene. Recently, a variety of flame retardants, including 9, 10-dihydro-9-oxa-10-phosphaphenanthrene-10-oxide (DOPO), 105 2-(diphenylphosphino) ethyltriethoxy silane (DPPES), 106 polyphosphamide (PPA), 107, 108 poly(piperazine spirocyclic pentaerythritol bisphosphonate) (PPSPB), 109 and poly(methylphosphonyl bis(hydroxymethyl) hyposphate) (PMPPD), 110 have been grafted to GO in order to overcome the flammability of GO. Table 4 summarizes some typical organic flame retardants functionalized graphene and their application in polymer composites. As expected, organic flame retardants functionalized graphene showed superior flame retardant properties over either pristine graphene or organic flame retardants in terms of LOI, UL-94 rating and PHRR. For example, epoxy composites with 10 wt% of DPPES-graphene can achieve V-0 rating in UL-94 vertical burning tests, whereas its counterparts with the equivalent loading of either DPPES or graphene cannot, demonstrating the presence of the synergistic flame retardant effect. 106 Sol-gel chemistry is another emerging approach to covalently functionalize graphene with flame retardants. Using this approach, various silicon-and phosphorus-containing flame retardants functionalized graphene or GO have been synthesized and demonstrated to be effective in improving the flame retardancy of polyurea, 111 PVA, 112 and PMMA. 113 In addition to covalent functionalization, various inorganic/graphene hybrids, including LDH/graphene and metal oxide/graphene, have also been synthesized via non-covalent functionalization. Hu's group has done considerable innovative work on the application of LDH/graphene and metal oxide/graphene into flame retardant polymer nanocomposites, in Table 5 . 116−123 The addition of LDH/graphene and metal oxide/graphene hybrids has been demonstrated to be effective in improving the fire safety of polymers, such as PMMA, 116 PBT, 117 PLA, 118 PBS, 118 nylon-6, 119 and epoxy. 120−123 As can be 
PMMA
NiAl-LDH/graphene 25% reduction in PHRR observed from cone calorimetry, which is superior over either NiAl-LDH or pristine graphene.
116
PBT MnCo2O4/graphene 37% and 36% reduction in PHRR and SPR, respectively, observed from cone calorimetry. 117
PBS, PLA
Co3O4/graphene 31% and 40% reduction in PHRR of PBS and PLA composites, respectively; the addition of Co3O4/graphene significantly decreased the release of carbon monoxide.
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Nylon-6
Co3O4/graphene, NiO/graphene 11% and 23% reduction in PHRR of Co3O4/graphene-nylon-6 and NiO/graphene-nylon-6 composites, respectively.
119
Epoxy Co3O4/graphene, SnO2/graphene 29% and 27% reduction in PHRR of Co3O4/graphene-epoxy and SnO2/graphene-epoxy composites, respectively.
120
Epoxy NiFe-LDH/graphene 61% and 60% reduction in PHRR and THR, respectively, which are much better than either NiFe-LDH or pristine graphene.
121
Epoxy ZnS/graphene 47% and 27% reduction in PHRR and THR, respectively, accompanying with a 63% decrease in TSP.
122
Epoxy Ce-doped MnO2/graphene 54% and 41% reduction in PHRR and TSR, respectively, observed from cone calorimetry. 123 seen from Table 5 , with only 2 wt% of LDH/graphene or metal oxide/graphene hybrid, the PHRR value is decreased by at least 30% in most of polymer composites. Aside from the heat-related fire hazards, the incorporation of LDH/graphene or metal oxide/graphene hybrid also leads to suppressed smoke production and reduced smoke toxicity compared to pristine graphene. 121 Furthermore, some metal oxide/graphene hybrid like Co 3 O 4 /graphene showed great effectiveness in reducing the CO concentration during combustion owing to its high catalytic activity for CO oxidation (Figure 8 ).
118, 120
3.4.3. Combination of graphene and classical flame retardants. As mentioned above, graphene or functionalized graphene is effective in suppressing the heat release rate of polymers during combustion; however, most of these composites failed in the LOI and UL-94 vertical burning measurements. In order to meet the industrial requirement, graphene has been combined with a wide variety of conventional flame retardants to create synergism. Table 6 summarizes some synergistic system between graphene and other flame retardants in polymers in recent years. A striking synergism was observed in the combination of graphene and CNTs: with 0.5 wt% of graphene and 0.5 wt% of CNT, the PHRR and average mass loss rate (AMLR) of the polypropylene composites were decreased by 73% and 38%, respectively, along with remarkable synergistic effects in the tensile strength (+14.3%) and Young's modulus (+27.1%), electrical conductivity (+32.3%) and thermal conductivity (+34.6%).
124
The combination of graphene with other flame retardants also imparts good anti-dripping properties to polymers during combustion. For example, a poly(butylenes succinate) composite containing 18 wt% intumescent flame retardant and 2 wt% graphene displayed excellent anti-dripping behavior, whereas virgin poly(butylenes succinate) burned with severe dripping problems ( Figure 9 ). 30 Melt flow index measurements demonstrated that the addition of graphene significantly improved the melt viscosity and thereby restrained the melt dripping. The anti-dripping behavior was also reported in the case of intumescent flame retardant polyurethane in combination with 0.5−2.0 wt% of graphene. 
MoS 2 /polymer nanocomposites
Molybdenum disulfide (MoS 2 ), a widely known layered transition-metal dichalcogenide material, is an inorganic analogue of graphene that possesses desirable chemical, electrical, and optical properties. 129 Because of the similar 2D structure to these layered compounds aforementioned, MoS 2 has 133, 134 polyhedral oligomeric silsequioxane (POSS), 135 or graphene 136 has been observed, as summarized in Table 7 . The addition of MoS 2 exhibits a significant improvement of the flame retardancy of polymers, due to the physical barrier effect of MoS 2 and the formation of a compact, dense and thermally stable char during combustion. Besides the significant reduction in heat-related fire hazards like PHRR and THR, the combination of MoS 2 with other inorganic compounds also leads to suppressed total smoke production compared to pristine MoS 2 . 132, 134 The smoke suppression is probably attributed to the lowered amount of the organic volatiles degraded from polymers which are the major source of smoke particles. 137 Up to now, two methods are mainly applied to improve the flame retardant efficiency of MoS 2 : non-covalent modification of MoS 2 and combination of MoS 2 with other flame retardants. However, covalent functionalization of MoS 2 with flame retardants has been rarely reported, which is desirable to focus on in the future.
Flame retardant mechanism
The layered nanomaterials have been demonstrated to be effective in improving the fire safety of polymeric materials as aforementioned, and we will mainly focus on the flame retardant mechanism of the layered nanomaterials in this section. It is believed that the barrier effect of the exfoliated layered nanomaterials is the flame retardant mechanism for polymer/layered compounds nanocomposites in common. Generally, the incorporation of layered nanomaterial is favorable to the formation of a continuous protective layer, which plays an important role in retarding the thermal degradation and decreasing the heat release rate.
In order to demonstrate the barrier effect of layered 
Polymer
Loading of MoS2
Type and loading of synergists nanomaterial on the thermal degradation of polymers, the gasification behaviors of the MMT/nylon-6 samples were investigated. 138 The gasification of the pure nylon-6 sample first revealed small bubbles of evolved products at the sample surface, followed by the appearance of many large bubbles. Nearly nothing was left at the end of the test. In the case of nylon-6 nanocomposite containing 2 wt% MMT, dark floccules appeared on the surface and grew with time. For the MMT/nylon-6 nanocomposite (5 wt%), more carbonaceous floccules appeared and formed larger rough-surface floccules. The formation of the carbonaceous floccules on the sample surface is favorable as a means of shielding the exposure of the molten polymer to external heat flux. When these carbonaceous floccules entirely covered the sample surface, it would be more effective to protect the underlying polymer from degradation. The barrier effect of the char residue correlates close to the dispersion state of the layered nanomaterial within polymer matrix. Taking LDH/epoxy system as a typical example, the pristine LDH was prone to form agglomerates in the epoxy matrix and thus, resulting in a cracked surface. The degradation flammable volatiles can escape from these cracks freely to fuel the flame, and meanwhile the heat irradiation can easily penetrate through these gaps to consume the underlying polymer matrix. In contrast, the well-dispersed modified LDH led to a compact and continuous residue, which served as an excellent insulator (protect the polymer from decomposition by the exterior heat irradiation) and a mass transport barrier simultaneously (retard the flammable volatiles escaping from the interiors) (Figure 10 ). 67 Similar flame retardant mechanism has also been found in other layered inorganic/polymer nanocomposites, such as graphene/polymer 107 and MoS 2 /polymer 131 systems. However, besides the barrier effect in common, there are several exclusive mechanisms for a particular layered nanomaterial: (a) Endothermic decomposition associating with the evolution of water and CO 2 that dilute the flammable gases, such as LDH; (b) Catalyzing charring effect of the metal ion or phosphate species, such as layered metal phosphate; (c) Absorption effect of the evolved polycyclic aromatic hydrocarbon species to form a continuous and compact char layer, such as graphene.
Summary and outlook
Over the past few decades, a variety of layered nanomaterials, including MMT, LDH, layered metal phosphate, graphene, and MoS 2 , have been utilized for flame retardant polymer nanocomposite application. Usually, significant reduction in heat release rate is observed in the layered inorganic/polymer nanocomposite, at a relatively low loading. In addition to the improved flame retardant properties, the addition of layered nanomaterials also causes the enhanced mechanical, thermal and electrical behaviors of the polymer host. The behaviors enhancement depends strongly upon the dispersion state of the nanomaterials in the polymer host. Therefore, surface modification or covalent functionalization is usually employed to functionalize the layered nanomaterials, aiming to improve their dispersion state as well as to strengthen the interaction at the inorganic/polymer interface.
Although layered nanomaterials are effective in suppressing the heat release rate of polymers during combustion, most of these nanocomposites failed in the industrial standard test, such as the LOI and the UL-94 vertical burning measurements. Therefore, layered nanomaterials are utilized in combination with traditional flame retardants to obtain the satisfactory flame retardant level, which is promising to be commercialized in the future. However, the optimum ratio of layered nanomaterials and traditional flame retardants varies from polymer to polymer, which is an important theme in material's designing. Despite the existence of these challenges, the multifunctional property 
